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Abstract 
 
The majority of the environmental impacts in a typical supply chain arises beyond the 
focal firm, thus the need to quantify the environmental performance of extended supply 
chain. This work aims to introduce a quantitative approach to assess the eco-intensity of 
products considering the extended supply chain by adopting a decentralized recursive 
mechanism. The model is validated through a numerical example of a fictitious supply 
chain adopting secondary data. Products are benchmarked on the basis of their CO2 
emissions and water consumption eco-intensity, allowing more informed and sustainable 
purchasing decisions by customers. 
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Introduction 
A  number  of  stakeholders  are  pushing  companies  to  include  environmental  concerns 
within their supply chain in response to emerging issues such as climate change, global 
warming and scarce natural resources (Björklund et al., 2012). These stakeholders include 
governmental bodies applying stricter regulatory requirements, green customers as well 
as non-governmental organizations  and  local  communities  calling  for  transparency  
of FRPSDQLHV¶SUDFWLFHVand adequate reporting about environmental and social impact 
caused by production activities (Björklund  et  al.,  2012;  Gerbens-Leenes  et  al.,  2003). 
These pressures, that initially targeted single organisations, later expanded to supply 
chains accordingly with the shift in the competitive environment from a company-versus-
company format to a supply chain-versus-supply chain. This led to increased outsourcing 
and offshoring practices of production processes to countries with low production cost 
and less strict environmental regulations and standards (Cabral et al., 2012; Harris et al., 
2011; Reefke and Trocchi, 2013). Additionally, there is evidence that the majority of 
environmental impacts in the supply chain does not arise in the focal firms boundaries 
but is caused by other companies in the supply chain that can account for up to 90% of 
the overall environmental impact of the supply chain (Beavis, 2015; Veleva et al., 2003; 
WBCSD and WRI, 2009). 
Despite these figures indicating that a  holistic  approach  encompassing  the  supply  
chain  is  necessary  in order to measure the environmental performance of products, 
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existing supply chain environmental performance measurement methods are primarily 
focused on the focal firms having an excessively narrowed scope (Ahi and Searcy, 2015; 
Beske-Janssen et al., 2015). This work thus aims to introduce an innovative quantitative 
approach to measure the environmental performances of an extended supply chain, as part 
of eco-intensity indicators that include traditional economic performance as well, which 
allows benchmarking the environmental performance of products and supply chains. 
 
Literature review 
Benchmarking environmental performance of supply chains 
Benchmarking is ³a process of defining operational measures of performance and 
appraising firms or supply chains with respect to selected measures´(Yakovleva et al., 
2012). This process can be performed either against the nearest competitor or industry 
averages (Genovese et al., 2013). Without a real opportunity to compare performance, 
including environmental performance, there is the risk that the evaluation of the 
performance is self-referential. 
Benchmarking has been widely used in business for continuous improvement, total 
quality management and competitive advantage (Yakovleva et al., 2012). Benchmarking 
has been extensively adopted at the single organisation level for economic performance, 
whereas the lack of a global standard for benchmarking environmental performance has 
been observed (Genovese et al., 2013). Organisations still often stand at the beginning of 
the path towards sustainability and thus focus on what environmental performance 
aspects need to be measured, rather than comparing their performance against competitors 
or industry standards. Benchmarking performance shows a more mature approach 
towards sustainability and typically follows in time (Shaw et al., 2010).  
Moreover, benchmarking at the supply chain level still lags behind benchmarking at 
the single company level, due to increased complexity, and there is still a ³need of 
international benchmarking of supply chain performance´(Gopal and Thakkar, 2012). 
The SCOR model has been introduced to overcome this limitation obtaining wide 
acceptance by industry. Version 11.0 of the model included for the first time a pilot 
section about environmental performance measurement, called the Green SCOR (APICS, 
2014). This part however still needs to be validated from the SCOR panel before being 
formally included in the model. As a result, there is currently no existing method tailored 
for benchmarking the environmental performance of supply chain, as other popular tools, 
such as the Global Reporting Initiative (GRI), the leading reporting scheme for 
environmental performance, are tailored for the single organisation level and show 
limited applicability to the supply chain context (Ahi and Searcy, 2014). Additionally the 
scope of the method is mostly on disclosure of data, with a dominant descriptive part, 
rather than on the evaluation of the sustainable performance itself (Angelakoglou and 
*DLGDMLV2¶5RXUNH. 
The combination of these factors explain the difficulties faced so far in applying 
benchmarking to environmental performance at the supply chain level. This work tries to 
overcome these criticalities by using supply chain eco-intensity indicators that relate 
environmental performances to the economic benefit generated, which is here used as the 
reference unit. The eco-intensity indicators remove constraints introduced by functional 
units, which typically identify the benefit for the users generated by a product as the 
reference unit to measure its environmental impact, and substitute them with the 
economic benefit generated. Functional units introduce assumptions indeed, regarding 
both the selection of the system boundaries and the final usage and durability of the 
products, which are unsuitable for comparative studies (Michelsen et al., 2006; Schmidt 
and Schwegler, 2008).  
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Eco-intensity and eco-efficiency of supply chains 
Eco-efficiency and eco-intensity combine the environmental and economic dimensions 
of sustainability in a unique index. Eco-efficiency is described as ³WKHHIILFLHQF\ZLWK
ZKLFK HFRORJLFDO UHVRXUFHV DUH XVHG WR PHHW KXPDQ QHHGV´ by the Organisation for 
Economic Co-Operation and Development (OECD) and is a ratio of the economic value 
created and the sum of environmental pressures generated by an economic activity 
(WBCSD, 2000). Eco-intensity reverses the ratio, being the environmental impact 
divided by the economic benefit generated by an economic activity (Schmidt and 
Schwegler, 2008). Both concepts of eco-efficiency and eco-intensity are applicable to 
different systems, however eco-intensity was identified as more suitable to the supply 
chain context from a mathematical perspective thanks to the positioning of environmental 
values at the numerator, which simplifies calculations when multiple organisations are 
involved (Schmidt and Schwegler, 2008). 
Despite this evidence, only few examples of eco-intensity models exist in the supply 
chain literature, with a limited scope in terms of environmental performances addressed. 
Joa et al. (2014) propose a recursive indicator to measure the water eco-intensity of the 
supply chain adopting a similar approach to an earlier work by Schmidt and Schwegler 
(2008), whose contribution remains on a theoretical level, not identifying the 
environmental measurements that need to be considered in the calculation of eco-
intensity. 
On the other hand, eco-efficiency models applied in the supply chain context are more 
frequent in the literature, being implemented for different managerial decisions falling 
within the boundaries of green supply chain management (GSCM). A number of authors 
adopted eco-efficiency scores to select and evaluate suppliers, thus naturally limiting their 
focus to 1st tier suppliers only. Examples include the work by Tseng et al. (2013) and 
Mahdiloo et al. (2015). Former authors use a set of eco-efficiency criteria translating 
linguistic variables into quantitative number thanks to fuzzy sets: suppliers are 
subsequently ranked according to TODIM method. The latter work is based instead on a 
data envelopment analysis (DEA) methodology, which is combined with multi-objective 
linear programming to recognise eco-efficient DMUs that do not perform efficiently from 
an economic or environmental perspective. The supplier selection and evaluation problem 
is expanded to other supply chain members belonging to different supply chain tiers by 
Wu and Barnes (2016), that use an eco-efficiency score to evaluate different supply chain 
configurations and solve the green lot-sizing problem. Colicchia et al. (2015) address a 
similar problem focusing on the downstream part of the network, which is optimised 
according to an eco-efficient objective function consisting of cost and CO2 emissions. 
Other authors remove the constraints of focusing on a limited part of the supply chain 
by adopting a lifecycle perspective, such as Charmondusit et al. (2014), Michelsen et al. 
(2006), Michelsen and Fet (2010) and Saling et al. (2002). Michelsen, along with other 
scholars, calculate eco-efficiency as a ratio of life cycle costing and life cycle assessment 
(LCA) indicators. The inclusion of different environmental indicators is performed by 
Saling et al. (2002) through aggregation and normalisation of different indicators in order 
to assess possible alternatives for dyeing supply chain of jeans. The methodological steps 
are performed taking into account both the wider impact to the environment in a macro 
perspective along with the internal viewpoint of experts and decision makers. Finally, 
Charmondusit et al. (2014) are the only scholars including the social dimension of 
sustainability within their socio-eco-efficiency index for the toy industry. 
Comparison of supply chains is performed by various methods, however dominant 
approaches include the longitudinal comparison of the behaviour of the same supply 
chain, like in Tseng et al. (2013) and Charmondusit et al. (2014), or the evaluation of 
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different scenarios within the same supply chain, as Colicchia et al. (2015), Mahdiloo et 
al. (2015), Michelsen et al. (2006), Michelsen and Fet (2010), Saling et al. (2002) and Wu 
and Barnes (2016) demonstrate. Despite an attempt by Michelsen et al. (2006) to facilitate 
external comparison by adopting external normalisation and weighting factors, all models 
above mentioned are self-referential and no model proposed by the literature effectively 
compares and benchmark supply chains of different products. 
This work thus aims to introduce a quantitative approach to assess the eco-intensity of 
products considering the extended supply chain by adopting a decentralised recursive 
mechanism, which allows benchmarking products based on their CO2 emissions and 
water consumption eco-intensity. This approach: 
1. Expands the coverage of the supply chain environmental performance 
measurement systems available in the literature in terms of supply chain extent 
paving the way for an effective supply chain-wide environmental assessment, 
2. Benchmarks different product-supply chains according to their eco-intensities, 
removing constraints introduced by functional units thanks to a clear system 
boundary definition and a cradle-to-gate approach, which avoids assumptions 
about the usage phase of products. 
Methodology 
Model 
The eco-intensity model introduced in this section is developed for forward supply chains 
and uses a cradle-to-gate approach. The usage and end-of-life management phases of 
products are thus omitted. The model provides two major outputs: single company eco-
intensities specific to each environmental indicator and supply chain eco-intensities 
specific to the single environmental indicator. 
Four methodological steps are performed in cascade: 
1. Definition of the system boundaries: tKH³WUDQVIRUPDWLRQPRGHO´E\Slack et al., 
(2009) is adopted as the basis to define the boundaries of the supply chain. 
According to the model, resources can be classified as transformed resources which 
will be treated, transformed or converted in some way during the production 
SURFHVV VXFKDV WKH UDZPDWHULDOV DQG WKH³WUDQVIRUPLQJ UHVRXUFHV´ZKLFKZLOO
facilitate the whole process, such as the facilities, the equipment and the 
machineries necessary to transform the products. The boundaries of the supply 
chain in this work are strictly defined according to the transformed resources, thus 
coinciding with the material flow from the raw material stage down to the gate 
between the last tier on the chain and the final user. The environmental impact of 
transforming resources is included with respect to their usage in the production 
processes taking place along the supply chain as part of the direct impact of each 
company building the supply chain. No impact of the supply chain of transforming 
resources is considered. 
2. Selection of environmental indicators: a systematic literature review at the 
intersection of performance measurement and GSCM identified seven key 
environmental aspects that are not industry-specific and are applicable to any 
sector, being relevant to determine the environmental performance of a supply 
chain. The most frequently adopted environmental aspects covered both inputs to 
supply chain operation and outputs arising from production activities of the supply 
chain: land occupation, use of materials, water consumption, energy consumption 
(inputs) and emissions to air, emissions to water and emissions to land - solid waste 
(outputs). Being this work a numerical example illustrating the model, only two 
indicators are adopted: water consumption (m3/year) and emissions to air (metric 
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tonnes CO2e/year). 
3. Inclusion of economic dimension: a unique economic indicator is included in the 
model which is the yearly turnover of the company. The selection of turnover as the 
only economic indicator is determined by the specificity of the supply chain 
environment, where companies may not be willing to share confidential information 
such as costs, profit and net present value with other supply chain players 
(Brandenburg, 2015; Caro et al., 2013). On the contrary, turnover is typically 
publicly available and is thus applicable even to non-cooperative supply chains 
(Schmidt and Schwegler, 2008). At the end of this step the single company eco-
intensity referring to each specific environmental indicator is calculated, which can 
be adopted in the green supplier selection and evaluation process. In collaborative 
supply chains, this data is also applicable in the identification of hotspots along the 
supply chain in order to prioritise operational improvement. 
4. Recursive mechanism: the mathemathical formulation, detailed in equation 1, 
allows to pass the environmental backpack along the supply chain moving 
accordingly with the material flow from upstream to downstream. Each tier of the 
supply chain passes the calculated eco-intensity to its customer till the last player 
in the chain is reached. 
 ܧܫ௜௞ ൌ  ଵ்೔ೖ ൫ܧ௜ ൅   ? ܧܫ௝   ? ܳ௜௝௞௞גௌ௨௣௣௟௜௘௦ሺ௝՜௜ሻ௝גௌ௨௣௣௟௜௘௥ሺ௜ሻ ௝ܲ௞൯           (1) 
 
Where ܧܫ௜௞ is the eco-intensity of the company i for the supply chain of k product, ௜ܶ௞ is the amount of turnover of company i generated by product k, whereas ܧ௜ is 
the direct environmental impact of organisation i at the company level. The direct 
environmental impact in equation 1 can refer to any single environmental indicator 
out of the seven identified at step 2. Finally ܧܫ௝  is the eco-intensity of the j-th 
supplier and ܳ௜௝௞ is the quantity of product k being acquired by company i from 
supplier j at the price ௝ܲ௞. The two last terms of the equation are ideal in practical 
applications where the customers have this information ready available, thus 
requiring the supplier to provide only the value of its own eco-intensity ܧܫ௝ . 
However, these terms can be substituted in a theoretical application by ௜ܶ௝௞, which 
is the amount of turnover of supplier j generated by transactions to customer i for 
the product k, as outlined in equation 2. 
 ܧܫ௜௞ ൌ  ଵ்೔ೖ ൫ܧ௜ ൅   ? ܧܫ௝   ? ௜ܶ௝௞௞גௌ௨௣௣௟௜௘௦ሺ௝՜௜ሻ௝גௌ௨௣௣௟௜௘௥ሺ௜ሻ ൯           (2) 
 
Once the process is completed and the eco-intensity of the entire supply chain is 
calculated including the direct impact of the most downstream player in the chain, the 
second output of the model is calculated, which is the eco-intensity of the supply chain 
referring to each specific environmental indicator. In this example, water consumption 
eco-intensity of the supply chain and CO2 emissions eco-intensity of the supply chain are 
calculated.  
The eco-intensity at the supply chain level ideally is applied for benchmarking 
purposes and external reporting, offering a synthesized evaluation of the supply chain 
performance for each of the environmental indicators selected in the step 2. Customers 
can effectively compare the eco-intensity of different products in order to make a more 
informed and sustainable choice, both in a B2B and in a B2C context. Finally, 
envoronmental labelling of products is another potential application of this model. 
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Data  
The model was applied to a fictitious supply network, which includes two different supply 
chains, in order to validate the model with secondary data and provide a numerical 
example to showcase the applicability of the model. Supply chain 1, whose final product 
1 is delivered by focal firm 1 (FF1), is portrayed separately in figure 1, whereas supply 
chain 2, whose final product 2 is offered by focal firm 2 (FF2), is depicted in figure 2. 
Each company is represented as a box in the figures, whose colours mirror the focal firm 
served by each organisation. Blue colour is used for companies being part of the supply 
chain of FF1, yellow for companies being part of the supply chain of FF2. A yellow-blue 
striped pattern is adopted for S3 and S4, the only companies that are part of both supply 
chains.  
 
 
Figure 1 ± Supply chain of product 1 
 
 
Figure 2 ± Supply chain of product 2 
 
 
The arrows identify the links between companies in the supply chains: these directed links 
identify the material flow as well as the monetary flow in the supply networks. The 
numbers next to the arrows represent Tijk, the ratio of the turnover of the supplier j that is 
generated by the specific customer i for product k: for example, 10% of the turnover of 
company D is generated thanks to customer S4.  
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Secondary data were adopted to validate the model in this work. Turnover ($M/year) 
and CO2 emissions (metric tonnes CO2e/year) values were obtained from publicly 
available databases of existing companies, whereas the water consumption values 
(m3/year) were gathered from a dedicated work available in the literature. All data are on 
a yearly basis at the company level. Data do not mirror real supply chains as CO2 
emissions and water consumptions values for each company do not correspond to the 
same real company. Moreover, supply chain links as well as their entity are also entirely 
fictitious as companies may belong to different sectors and business relations between 
companies may not exist.  
 
Results 
The eco-intensity of all companies part of the supply network are illustrated in Table 1. 
These values represent the eco-intensity performances of each organisation at the single 
company level, without the inclusion of any environmental backpack of the upstream 
supply chain and are calculated simply by dividing the yearly CO2 emissions (or water 
consumption) of the company by its yearly turnover. Results show a high variety in 
values, spanning from a minimum of 0.00047 metric tonnes CO2e per $M for company E 
up to a maximum of 0.17822 for S2. G is the best performing organisation in terms of 
water consumption eco-intensity with 0.00003 m3 per $M, whereas F is at the opposite 
end of the spectrum with a value of 0.02637.  
 
Table 1: Eco-intensities at the company level 
Tier Company EI 1 ± CO2 emissions eco-intensity 
EI 2 ± Water consumption 
eco-intensity 
2nd tier 
C 0.05445 0.01573 
D 0.03597 0.01057 
E 0.00047 0.00813 
F 0.05761 0.02637 
G 0.00068 0.00003 
H 0.01016 0.00007 
I 0.00626 0.00024 
1st tier 
S2 0.17822 0.00394 
S3 0.00880 0.00484 
S4 0.00123 0.01579 
Focal firms FF1 0.00177 0.00120 FF2 0.01153 0.00625 
 
The results at the supply chain level show contrasting results between the two supply 
chains, as shown in Table 2. Considering CO2 emissions eco-intensity, product 1 is 70% 
more polluting than product 2 as its EI 1 eco-intensity equals to 0.00448 compared to 
0.00263 of product 2. A significant contribution to the poor performance of product 1 in 
terms of CO2 emissions eco-intensity is due to S2, which is the single most eco-intense 
company in terms of emissions to air. The participation of S2 only to supply chain 1 
explains the significant difference observed between the two supply chains. On the other 
hand, product 2 consumes 52% more water per monetary unit when the extended supply 
chain is taken into account. The water consumption eco-intensity of product 2 amounts 
to 0.00190 compared to the lower output of product 1, which equals to 0.00125. A 
comparison between the values of eco-intensity 1 and eco-intensity 2 is not meaningful 
as different units of measurement are used to calculate CO2 emissions and water 
consumption.  
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Table 2: Supply chain eco-intensities 
Supply chain  EI 1 ± CO2 emissions 
eco-intensity 
EI 2 ± Water consumption 
eco-intensity 
Focal firm 1 ± Product 1 0.00448 0.00125 
Focal firm 2 ± Product 2 0.00263 0.00190 
 
These results might be interpreted under different perspectives. Decision makers or 
relevant stakeholders may pay attention to one specific eco-intensity indicator only to 
improve their environmental performance: this might reflect specific features of the 
industry or environmental targets. Chemicals sector experts might be interested in 
improving the performance of the water consumption eco-intensity primarily stating the 
consideration of the chemical industry as a water-intensive sector, whereas the focus 
might be on emissions in other industries. Customers may want to compare the eco-
intensity of different products as a variable to influence their purchasing decisions. 
Finally, a labelling scheme may be implemented on the basis of the results to report 
externally the environmental performance of products.  
 
Conclusion 
Contribution 
The proposed model aims to introduce a quantitative approach to assess the eco-intensity 
of extended supply chains with a cradle-to-gate approach. It adopts a decentralised 
recursive mechanism, making the model applicable to non-cooperative supply chains. 
This approach facilitates the implementation of the model in contexts where organisations 
have a limited visibility of their supply chain. Global supply chains are becoming longer 
and as a result the traceability of the upstream network is decreasing. Passing the eco-
intensity value from a tier of the supply chain to the next one requires access only to direct 
business partners simplifying the assessment of the supply chain. The limited information 
exchange required by the model does not need a developed relationship structure between 
supply chain members and is thus applicable also to non-collaborative supply chains. 
The model allows comparing effectively the eco-intensity of products taking into 
account the extended supply chain and thus expanding the number of tiers typically 
assessed in the GSCM literature and obtaining a complete cradle-to-gate evaluation of the 
eco-intensity of products. 
The definition of clear system boundaries matching the material flow of transformed 
resources and the absence of a specific functional unit avoid assumptions that limit the 
external comparability of environmental performance. The allocation of the 
environmental impact is based on the economic dimension only according to the concept 
of eco-intensity and allows comparing the eco-intensities of any product, supporting more 
informed and sustainable decisions by customers. Despite this approach may lead to an 
underestimation or overestimation of the eco-intensity of the single products from a 
strictly environmental perspective as high value products are allocated a higher 
environmental load they not necessarily carry, the environmental data are collected at the 
company level to avoid that companies report on the performance of a limited set of 
products to green wash their image. Finally, the collection of the data at the company 
level significantly lowers the effort required by companies, and especially by SMEs, since 
data already available at companies such as bills of material or documents from the 
purchasing department can be used. 
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Limitations and future research direction 
The model demonstrated a promising applicability being validated with secondary data, 
however it has still to be validated with primary data in an operating supply chain context. 
The applicability of the recursive mechanism between supply chain partners driven by 
different business targets and different inclination towards sustainability has still to be 
proved: as Schmidt and Schwegler (2008) pointed out, there is the need of a powerful 
player in the supply chain to kick-off the mechanism on a voluntary basis. The validation 
of the model with primary data would fit to this purpose. Additionally, environmental 
data might not be available or communicated for all supply chain members leading to an 
incomplete evaluation of the eco-intensity of the extended supply chain. A technique to 
overcome the issue of missing or incomplete data has still to be identified.  
From a methodological perspective, the numerical example presented was quite simple 
consisting of two linear supply chains, with only two intersections of the supply chains 
in S3 and S4 that are the organisations contributing to both final products. A more 
complex example of a fictitious supply network is currently under development. 
The selection of indicators was aimed to be generic on purpose in order to fit a wide 
range of applications in different sectors.  The indicators thus may not represent the 
specific needs of each supply chain in terms of supply chain strategy and environmental 
priorities. Moreover, the performance of each product is evaluated on the basis of each 
VSHFLILF HQYLURQPHQWDO LQGLFDWRU D FOHDU LQGLFDWLRQ RQ ZKLFK SURGXFW¶V VXSSO\ FKDLQ
performs better is not given when the results of different eco-intensity indicators provide 
conflicting indications. An aggregation of different indicators in a single eco-intensity 
index would overcome this limitation and allow decision makers to have effective support 
to understand the trade-offs arising between different eco-intensity indicators and achieve 
a holistic evaluation of the eco-intensity performance both at the single company level 
and at the supply chain level. 
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